Assembly of functional Ig and T cell receptor genes by V(D)J recombination depends on site-specific cleavage of chromosomal DNA by the RAG1͞2 recombinase. As RAG1͞2 action has mechanistic similarities to DNA transposases and integrases such as HIV-1 integrase, we sought to determine how integrase inhibitors of the diketo acid type would affect the various activities of RAG1͞2. Both of the inhibitors we tested interfered with DNA cleavage and disintegration activities of RAG1͞2, apparently by disrupting interaction with the DNA motifs bound specifically by the recombinase. The inhibitors did not ablate RAG1͞2's transposition activity or capture of nonspecific transpositional target DNA, suggesting this DNA occupies a site on the recombinase different from that used for specific binding. These results further underscore the similarities between RAG1͞2 and integrase and suggest that certain integrase inhibitors may have the potential to interfere with aspects of B and T cell development.
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V(D)J recombination ͉ transposition ͉ immune development

V
(D)J recombination is an essential step in the development of the specific immune system. This process involves a rearrangement that joins gene segments present in multiple copies at the Ig and T cell receptor loci and ultimately leads to assembly of the functional coding regions (reviewed in ref. 1) . Rearrangement is initiated by the lymphoid-specific recombinase composed of the RAG1 and RAG2 proteins (2) . The RAG1͞2 complex specifically recognizes the recombination signal sequences (RSSs) flanking the coding segments and cuts the DNA at these sites (2) . RSSs are composed of conserved heptamer and nonamer sequence motifs separated by spacers of either 12 or 23 bases, and recombination most often results in the fusion of coding sequences flanked by RSSs with different spacer lengths. RAG1͞2-mediated cleavage occurs in two steps (Fig.  1A) . RAG1͞2 first introduces a single-strand nick between the RSS and coding DNA. The 3Ј hydroxyl at the end of the coding DNA then attacks the opposite strand in a direct transesterification reaction to produce a hairpin on the coding DNA (2-4). Transesterification takes place within a synaptic complex of the two RSSs held together by RAG1͞2 (not shown). After cleavage, the recombinase continues to hold the cleaved RSS ends in this complex (5-7) for an extended period before the RSSs are joined to one another (8) , whereas joining of coding ends is more rapid (8) . Both types of ends are joined by a set of nonhomologous end-joining DNA repair factors (9, 10) .
After cleavage, RAG1͞2 can perform additional reactions that would perturb the normal joining process (Fig. 1 A) . RAG1͞2 can carry out transposition in vitro by capturing target DNA of nonspecific sequence in the RAG1͞2-RSS complex and then using the RSS ends to attack it (11, 12) . This reaction also proceeds by direct transesterification but in this case results in strand transfer instead of hairpin formation. RAG1͞2 has also been shown in vitro to efficiently detach the RSS from the strand transfer product created by transposition (13) , in a reaction known as disintegration. Alternatively, RSS ends can reattack coding ends to form so-called ''open-and-shut'' or ''hybrid'' joints (14) . Such joints are found in cells that undergo V(D)J recombination and represent a specialized form of RAG1͞2 strand transfer related to those leading to transposition.
The similarities among RAG1͞2, bacterial transposases, and retroviral integrases are striking. During HIV-1 integration, HIV-1 integrase first processes the viral cDNA by introducing a nick near each of the 3Ј ends ( Fig. 1B ; one end is shown); it then catalyzes a direct transesterification reaction by which the viral cDNA becomes fused to chromosomal DNA (reviewed in ref.
15). Like RAG1͞2, integrase can catalyze the reversal of this reaction, disintegration (16) . Both RAG1͞2 and integrase can mediate alcoholysis during the nicking step of their respective reactions (4) , and all proteins in this class are thought to share a common active site motif, including critical acidic amino acid residues that form the metal-binding site (refs. 17 and 18 and refs. therein). These observations suggest the possibility that inhibitors targeted against integrase may also inhibit RAG1͞2 and may possibly interfere with its role in immune development.
Several groups have tried to develop integrase inhibitors as drugs for treatment of HIV-1 infection, and many examples of compounds that inhibit integrase in vitro have been reported (19) . Although some of the compounds possess antiviral activity in cell-based assays, the majority of the earlier reported compounds are cytotoxic because of the lack of selectivity for integrase in vivo. However, the recently described diketo acids represent the first inhibitors of HIV-1 integrase that demonstrate selectivity for the strand transfer step of the integration reaction (20, 21) . Diketo acids exhibit antiviral activity in cell culture, and the resistant viruses generated in these experiments are found to have mutations only in the integrase gene, providing evidence that the inhibitors are selective for integrase. One of these compounds was also recently cocrystallized with the HIV-1 integrase core domain, confirming that it binds to important residues in the integrase active site (20) .
We have tested two diketo acid integrase inhibitors on RAG1͞2 activity in vitro. Both compounds inhibited cleavage by RAG1͞2, although one was far more effective than the other. As with HIV-1 integrase, these compounds primarily inhibit DNA binding. However, whereas with integrase it is the binding of nonspecific target DNA that is most sensitive, with RAG1͞2 the binding to RSS sequences is disrupted.
Materials and Methods
Proteins. Murine RAG1 (amino acids 384-1008) and RAG2 (amino acids 1-387) fused at their amino termini to maltosebinding protein and at their carboxy termini to polyhistidine tails and myc epitopes were coexpressed in Sf9 cells and purified as Abbreviations: RSS, recombination signal sequence; HMG, high-mobility group. § To whom correspondence should be addressed. E-mail: gellert@helix.nih.gov.
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previously described (2) . Recombinant high-mobility group 1 (HMG) protein (amino acids 1-163) was expressed and purified as previously described (7). Tn10 transposase was a gift from Murray Junop of this laboratory. Deoxynucleotidyl transferase was purchased from GIBCO͞Life Technologies (Rockville, MD), and T4 polynucleotide kinase and all restriction enzymes were purchased from New England Biolabs.
DNA Substrates. Oligonucleotides were purchased from Oligos Etc. (Guilford, CT) and were gel purified before use. The oligonucleotides were either labeled on the 3Ј terminus by using terminal deoxynucleotidyl transferase and ␣-32 P-cordycepin (NEN Life Sciences) or on the 5Ј terminus by using T4 polynucleotide kinase and ␥-[ 32 P]ATP (NEN Life Sciences). The structure and preparation of the cleavage substrate composed of oligonucleotide pairs DAR39͞DAR40 (12 RSS) and DG61͞DG62 (23 RSS), the precleaved RSS transposition donors composed of oligonucleotide pairs DG9͞DG10 (12 RSS) and DG2͞DG4 (23 RSS), and the disintegration substrate have been described previously (2, 12, 13) . Labeled substrates were purified free of unincorporated radioisotope by using QUANT-PROBE G-50 microcolumns. For RAG1͞2-mediated transposition reactions, either cesium chloride-purified pBR322 DNA or oligonucleotide MM565 (5Ј-AATCCATAGGCAGTACTGTC-GACAGGCCAATGCGAGCGCA) annealed to its complement, MM566, was used as a target.
Biochemical Assays. Buffer components and procedures for RAG1͞2-mediated cleavage, transposition, target capture, and disintegration were previously described (12, 13) with modification as described in the appropriate figure legends. RSS binding by RAG1͞2 was detected by mobility-shift assay as previously described (7). DMSO (10%) was included in all reactions unless otherwise indicated. Reactions were carried out in 10-l volumes with 450 ng of RAG1͞2 (present in a ratio of Ϸ2:1) and 50 ng of HMG1. FPLC-purified integrase inhibitors designated here as p8 [5CITEP (20) ] and p10 [L-708,906 (21) ] were included at the concentrations indicated. These compounds were synthesized at the National Institutes of Health (Bethesda, MD).
Other. All quantification of gels was by phosphor-storage autoradiography by using Molecular Dynamics TYPHOON 8600 and Molecular Dynamics IMAGEQUANT 5.1 software.
Results
Two related diketo acid compounds previously found to inhibit HIV-1 integrase, designated here as p8 [5CITEP (20) , both compounds inhibited the nicking and transesterification steps of cleavage ( Fig. 2 A and B) . The compound designated p10, with an IC 50 of 20 M, was at least 10 times more effective than p8. Although the remaining experiments presented herein focus on p10, similar results with regard to the various RAG1͞2 activities were observed by using Ϸ10-fold higher concentrations of p8. As with cleavage, p10 inhibited RAG1͞2-mediated disintegration of RSS from target DNA when it was added to the reaction before Ca 2ϩ ( Fig. 2C ; transposition is discussed below). Under these conditions, the apparent IC 50 s for cleavage and disintegration were indistinguishable.
The parallel effects of p10 on these activities suggested it might be acting at a common step such as DNA binding. Indeed, p10 disrupted interactions between RAG1͞2 and RSScontaining DNA. We performed mobility-shift assays to examine the effect of p10 on RSS binding. Under these conditions in The effect of p10 (A) and p8 (B) on nicking and transesterification (hairpin formation) was measured in oligonucleotide cleavage assays performed as described in Materials and Methods. Reaction mixtures were incubated for 30 min after the addition of Mg 2ϩ . (C) The effect of p10 on cleavage and disintegration was determined as described in Materials and Methods. All reactions included 10% DMSO. In all cases, inhibitor was added before divalent metal cation. Percent inhibition relative to solvent control is shown.
which both 12 and 23 RSSs were present, the primary complex formed in the presence of RAG1͞2, HMG1, and divalent cation was the synaptic complex with RAG1͞2 bound to both RSSs (Fig. 3B, lane 2 , and data not shown). When p10 was added to the reaction mixture before addition of Ca 2ϩ , RAG1͞2 was prevented from binding to the labeled substrate (Fig. 3B, lane 4) . p10 was also able to disrupt RAG1͞2-RSS complexes formed in the presence of Ca , resulting in fastermigrating smeared bands (Fig. 3B , lanes 6 and 8; these bands are very faint). In these reactions, p10 or solvent was added immediately after Ca 2ϩ (lanes 5 and 6) or Mg 2ϩ (lanes 7 and 8). These data indicated that p10 could bind to and alter a complex of RAG1͞2 bound to RSS containing DNA so that it was no longer stable during the mobility-shift assay.
Despite the ability of p10 to disrupt preformed RAG1͞2-RSS complexes in mobility-shift assays, these complexes were partially competent for cleavage even after the addition of p10. p10 completely inhibited both nicking and hairpin formation when it was added to the reaction before Ca 2ϩ ( Fig. 4 A and B , ''Pre''). When p10 was added immediately after Ca 2ϩ , nicking occurred at close to normal levels, but hairpin formation was strongly inhibited (Fig. 4 A and B , ''Ca''). Hairpin formation was less strongly inhibited when p10 was added immediately after Mg 2ϩ (Fig. 4B, ' 'Mg''). If EDTA was added immediately after either Ca 2ϩ or Mg 2ϩ , both nicking and hairpin formation were completely blocked (data not shown), confirming that the activity observed when p10 was present was not the result of cleavage occurring before the addition of inhibitor. These results were unexpected because p10 appeared to strongly disrupt the RAG1͞2-RSS complex, as judged by gel mobility. They indicated that RAG1͞2 continued to bind to the RSS after p10 was added, but the complex was altered so that it was less competent for hairpin formation.
Although the p10 inhibitor could block RSS binding if it was added before the RSS (Fig. 3B) , it did not completely block capture of a nonspecific DNA that could serve as a target for transpositional strand transfer. To study target capture by the RAG1͞2-RSS complex, we used a labeled oligonucleotide of nonspecific sequence as target and unlabeled 12 and 23 RSSs. Reactions were analyzed by native gel electrophoresis as for the band-shift assays. In the presence of the RSS pair, RAG1͞2, HMG1 and Mg 2ϩ , a shifted band was evident (Fig. 5) . This band depended on the presence of the 12 and 23 RSSs and was sensitive to proteinase K (data not shown), suggesting that it represented the complex of RAG1͞2 with RSS DNA and target. As was the case with cleavage, p10 inhibited target capture when it was added to a mixture of RAG1͞2, RSSs and target DNA before Ca 2ϩ (Fig. 5A, lanes 1 and 2) . However, target capture was observed if RAG1͞2 was allowed to form a complex with the 12 and 23 RSSs in the presence of Ca 2ϩ or Mg 2ϩ before the addition of p10 (Fig. 5A, lanes 3-6) . Target capture under these conditions was reduced to 10-20% of the levels seen in control reactions and was least effected when p10 was added just after Mg 2ϩ (Fig. 5A) , consistent with reductions in cleavage (Fig. 4B) . p10 had relatively little effect on transposition into supercoiled plasmid DNA provided that RAG1͞2 was allowed to cleave the RSS substrates before the addition of inhibitor (Fig. 5B) . In these experiments, cleavage of labeled RSS substrate was conducted for 60 min, followed by the addition of inhibitor. Supercoiled plasmid target was then added, and reactions were incubated for an additional 30 min before deproteinization and separation on agarose gels. Transposition products resulting from insertion of one or both RSSs into the target appear as labeled open circle or linear plasmids, respectively (Fig. 5B ). Significant levels of transposition were still seen at concentrations of p10 (250 M) sufficient to completely abolish cleavage (see Figs. 5B and 2 A) , and p10 had no apparent effect on the ratio of single-to double-ended insertion (Fig. 5B) . This result was true even though the target DNA was added after p10.
Inhibition by p10 was not a general feature of all transposases and integrases. For example, transposition by Tn10 transposase was not affected unless p10 was present at very high concentrations (greater than 1 mM; data not shown). This observation was particularly interesting in light of the mechanistic relation between RAG1͞2 and Tn10 transposase, both of which cleave DNA by using similar two-step processes. The drug also had no effect on DNA digestion by the restriction enzymes EcoRI, AvaI, NotI, and BsaI (data not shown). Mobility-shift assays to examine the effect of p10 on RAG1͞2 interaction with RSS. (A) Scheme for binding experiments. Labeled 12 RSS (2 nM; position of label is indicated by an asterisk), 23 RSS (12.5 nM), RAG1͞2 (450 ng), and HMG1 (50 ng) were combined in reaction buffer (5 min, 37°C); Ca 2ϩ was added to 4 mM (5 min, 37°C); Mg 2ϩ was added to 4 mM (5 min, 37°C); glycerol was added to 10%, and reactions were loaded onto shift gels. 100% DMSO (1 l) or 5 mM p10 in 100% DMSO (1 l) was added at one of the times indicated (1, 2, or 3). (B) Mobility-shift assays were performed as described with p10 or solvent being added as per condition 1, 2, or 3. Filled arrow, free substrate; empty arrow, complex of RAG1͞2 with 12 and 23 RSSs. Reactions were assembled as described in Fig. 3 except that the final incubation was extended to 30 min, at which point reactions were stopped by the addition of formamide to 50%. Products were separated on denaturing polyacrylamide gels, and percent of substrate converted to nicked product (A) and hairpin product (B) was determined. ''Pre,'' ''Ca,'' and ''Mg'' correspond to conditions 1, 2, and 3 in Fig. 3 ; reactions included 10% DMSO (Ϫp10) or 10% DMSO plus 0.5 mM p10 (ϩp10). Results are the average of three independent trials with standard deviation indicated by error bars.
Discussion
The RAG1͞2 protein complex involved in initiating V(D)J recombination is related to transposases and retroviral integrases. This relation has provided significant functional and biochemical insights into the development of combinatorial immunity and the evolution of the specific immune system. The recent description of HIV-1 integrase inhibitors as potential therapeutic agents suggested the possibility that these inhibitors might also interfere with V(D)J recombination.
Our results show that the HIV-1 integrase inhibitor, designated herein as p10, inhibits many of the biochemical activities of RAG1͞2-including nicking between the RSS and coding flank DNA, hairpin formation by transesterification, and disintegration of transposition intermediates-with an IC 50 of 20 M. This inhibition is because of interference of complex formation between RAG1͞2 and RSS-containing DNA. When p10 was added before Ca 2ϩ , formation of the RAG1͞2-RSS complex was blocked, and when p10 was added after Ca 2ϩ , the RAG1͞2-RSS complex was altered such that it could not survive gel electrophoresis. However, these complexes were still partially competent for cleavage if Mg 2ϩ was added, indicating that they had not been entirely disrupted. These data indicate that p10 can bind to the complex of RAG1͞2 with its substrate, but that only binding of p10 to RAG1͞2 before stable interaction with the RSSs results in complete abrogation of activity. In contrast to its effect on RSS binding, p10 did not block binding of the RAG1͞2-RSS complex to nonspecific DNA nor did it block transpositional strand transfer. Thus RSS and target binding probably occur in distinct regions of the protein, only one of which is blocked by p10. The target DNA-binding site may well be the same as the one occupied first by the coding flank and then transiently by the coding end during RAG1͞2-mediated cleavage.
Although p10 inhibited DNA cleavage by RAG1͞2 as well as the activities of HIV-1 integrase, the effect of the inhibitor in the two systems was somewhat different. Overall, HIV-1 integrase was about 20 times more sensitive to p10, and the various activities of HIV-1 integrase were distinct in their sensitivities to inhibitors of this class. The strand transfer reaction was much more sensitive than either the 3Ј end processing (i.e., nicking) or disintegration reactions (21) . It was also observed that the presence of long terminal repeat (LTR) sequences found at the ends of viral DNA enhanced the interaction between inhibitor and integrase (21) . These data were interpreted to mean that these compounds interfere with the binding of target DNA but not LTR DNA. In contrast, p10 inhibitor blocked RSS binding by RAG1͞2 but not capture of nonspecific target DNA and subsequent transposition, although the increased sensitivity of hairpin formation relative to nicking paralleled the different effects of p10 on various integrase activities.
Our results are all derived from a cell-free system reconstituted with purified components. We have not been able to determine whether p10 or other similar inhibitors are able to interfere with RAG1͞2 activity in intact cells because of the cellular toxicity exhibited by these compounds under the conditions used for rearrangement of V(D)J substrates in cell culture (unpublished observations). It will be important to ascertain the effects of future HIV-1 integrase inhibitor compounds on RAG1͞2 activity to avoid potential deleterious side effects. The in vitro assays outlined here should be helpful in that screening process. , and HMG1 (50 ng) were combined in reaction buffer (5 min, 37°C); Ca 2ϩ was added to 4 mM (5 min, 37°C); Mg 2ϩ was added to 4 mM (30 min, 37°C); glycerol was added to 10%, and reactions were loaded onto shift gels. Reaction volume (1͞10) of 100% DMSO or 5 mM p10 in 100% DMSO and labeled target oligonucleotide (10 nM) were added under conditions 1 (Pre), 2 (Ca), or 3 (Mg), as described in Fig. 3 . Activity as percent of solvent control is shown. Open arrow, target capture complex. (B) Labeled 12 RSS and unlabeled 23 RSS (50 nM each), RAG1͞2 (450 ng), and HMG1 (50 ng) were combined in reaction buffer (5 min, 37°C); Ca 2ϩ was added to 4 mM (5 min, 37°C); Mg 2ϩ was added to 4 mM (60 min, 37°C). p10 was then added to the concentration indicated, followed by the addition of 100 ng of supercoiled pBR322 target DNA (30 min, 37°C). Deproteinized products were separated on agarose gels. Open arrow, single-ended transposition product; filled arrow, double-ended transposition product. Activity as percent of solvent control is shown.
